Abstract: The novel electronic state of the canted antiferromagnetic (AFM) insulator, strontium iridate (Sr2IrO4) has been well described by the spin-orbit-entangled isospin Jeff = 1/2, but the role of isospin in transport phenomena remains poorly understood. In this study, antiferromagnet-based spintronic functionality is demonstrated by combining unique characteristics of the isospin state in Sr2IrO4. Based on magnetic and transport measurements, large and highly anisotropic magnetoresistance (AMR) is obtained by manipulating the antiferromagnetic isospin domains. First-principles calculations suggest that electrons whose isospin directions are strongly coupled to in-plane net magnetic moment encounter the isospin mismatch when moving across antiferromagnetic domain boundaries, which generates a high resistance state. By rotating a magnetic field that aligns in-plane net moments and removes domain boundaries, the macroscopically-ordered isospins govern dynamic transport through the system, which leads to the extremely angle-sensitive AMR. As with this work that establishes a link between isospins and magnetotransport in strongly spin-orbit-coupled AFM 2 Sr2IrO4, the peculiar AMR effect provides a beneficial foundation for fundamental and applied research on AFM spintronics. Antiferromagnetic (AFM) spintronics is an emerging field that aims to achieve spintronic functionality by taking advantages of AFM materials such as no stray fields, insensitivity to disturbing magnetic fields, and intrinsically-fast AFM dynamics [1] . The main issue to generate functional spin transport based on antiferromagnets is to manipulate and detect an AFM state.
Sr2IrO4, the peculiar AMR effect provides a beneficial foundation for fundamental and applied research on AFM spintronics. Antiferromagnetic (AFM) spintronics is an emerging field that aims to achieve spintronic functionality by taking advantages of AFM materials such as no stray fields, insensitivity to disturbing magnetic fields, and intrinsically-fast AFM dynamics [1] . The main issue to generate functional spin transport based on antiferromagnets is to manipulate and detect an AFM state.
The AFM memory state has been examined in several studies using anisotropic magnetoresistance (AMR) [2] [3] [4] ; however, it mostly requires complicated stacking geometry for unified spintronic functionality. Since the AFM metallic alloys were mostly adopted for the desired functionality [5] [6] [7] [8] [9] [10] , AMR effects in ohmic magnetic devices are ordinarily restricted to variation of a few percent [11] , which motivated recent studies focusing on tunnelling AMR [5, [12] [13] [14] . Due to the transport of an AFM tunnelling junction governed by tunnelling probability through an insulating layer, an enhanced MR effect is attained in favour of high density MRAMs [2, 5] .
In the canted AFM Mott insulator Sr2IrO4, the nontrivial quantum state carries a magnetic moment described by the spin-orbit-entangled isospin Jeff = 1/2, which fully expresses the relativistic spin-orbit coupling under a large crystal field. The combined action of Coulomb interactions and AFM order results in the further splitting of the Jeff = 1/2 band, thus opening a gap [15] [16] [17] . Despite the identical formalism with a conventional J = 1/2 quantum state, the Jeff = 1/2 isospin state is distinct because it is formed by the combination of spatially anisotropic orbitals and pure spins. While the unconventional insulating state in Sr2IrO4 is well described by the Jeff = 1/2 state, the importance of correlation between the isospin state and electronic transport behavior has scarcely been appreciated. Moreover, recent investigations have suggested that spin-dependent transport in Sr2IrO4 is fundamental for new antiferromagnet-3 based spintronics [18] , and have stressed the need to understand the impact of the isospin state on magnetotransport [2, 10, 19] . Here we demonstrate a large and highly anisotropic negative magnetoresistance that produces negligible stray fields in single crystalline Sr2IrO4. Due to the unique aspect of the canted antiferromagnetism in Sr2IrO4, the macroscopic AFM order of isospins is controlled by the intrinsic weak-ferromagnetic moment, which governs dynamic transport and leads to the extremely angle-sensitive large AMR. The AFM spintronic functionality by integrating intrinsic bulk properties of a single-phase material simplifies the stacking geometry and thus offers a more expandable platform to construct sophisticated heterostructures.
Sr2IrO4 crystallizes in a layered perovskite structure (tetragonal, I41/acd) with four-fold rotational symmetry (C4) about the [001] axis [20] . Figure 1a displays the temperature dependence of resistivity measured in a zero magnetic field with current along the [1 10] direction. The electronic transport is promoted by bulk electron doping resulting from proper oxygen deficiency using the benefit of efficiently controlled oxidation in an oxide. The temperature-dependent magnetic susceptibility was measured upon warming at 0.2 T after zerofield cooling and upon cooling at 0.2 T for H90 and H0 (Figure 1b) , where H  is the magnetic field deviating from the [001] axis by the angle θ (θ = 0° for the [001] direction and θ = 90° for the [110] direction) (inset of Figure 1a ). As the temperature decreases, the susceptibility for H90 increases abruptly at TN ≈ 220 K signifying the emergence of canted AFM order, while the resistivity does not present any anomaly at TN, consistent with the previous results [21, 22] . A canted antiferromagnet, known alternatively as a weak ferromagnet, contains both antiferroand ferro-magnetic characteristics. Though it exhibits antiparallel alignment of microscopic magnetic moments as in antiferromagnetism, it generates a small net magnetization and follows domain processes as in ferromagnetism due to slight canting of magnetic moments. The susceptibilities for two different orientations indicate considerable magnetic anisotropy 4 associated with the isospins mainly aligned in the ab plane. Accompanied by the oxygen deficiency in crystals, TN is lowered, but magnetic anisotropy remains intact.
To investigate the effect of the macroscopic ordering of isospins on transport, we measured magnetoresistance (MR) in Hθ, i.e., MRθ (%) = 100 (1), where denotes the resistance and H  was applied perpendicularly to the current (inset of Figure 1a ), precluding the ordinary Lorentzian MR effect, and also measured the isothermal magnetization in H90 (M90) on a single Sr2IrO4 crystal. The MR90 at 30 K decreases substantially with increasing H90 and almost saturates above H90 ≈ 0.3 T with a large negative value of ~33%, as shown in Figure 1c .
The consecutive sweeping of H90 between 0.8 and -0.8 T gives rise to slight hysteresis.
Consistently, the M90 at 30 K shows tiny magnetic hysteresis and saturation above H90 ≈ 0.3 T with ~0.04 μB/f.u. (Figure 1d ). This strong relationship between the MR90 and M90 data indicates that isospin ordering controls magnetotransport in the system.
Below TN, the isospins exhibit a planar canted AFM order owing to the staggered rotation of the IrO6 octahedra [23] . Concurrently, the C4 symmetry is lowered to C2 (two-fold rotational symmetry), producing an orthorhombic magnetic structure [23] [24] [25] . Therefore, the four types of magnetic domain are populated equally in zero magnetic field (see Section S2, Supporting Information). In a magnetic unit cell, the net magnetic moment (μnet) in each IrO2 layer of the unit cell is stacked along the [001] axis in a way that μnet's of consecutive IrO2 layers are cancelled out. When a magnetic field above the critical strength (H90 ≈ 0.3 T) is applied in the ab plane, a single weak ferromagnetic state is formed because of the alignment of μnet's (see Section S2, Supporting Information). In Sr2IrO4, the susceptible response of μnet's to the external magnetic field leads to a narrow magnetic hysteresis loop with negligible amount of residual net magnetization (Figure 1d ), similar to the behavior of a soft ferromagnet. In such a 5 process, the high resistance state with four types of magnetic domains evolves to the low resistance state with a single weak-ferromagnetic domain by applying a magnetic field in the ab plane. The almost reversible magnetization process recovers the high resistance state once the magnetic field is removed.
In contrast to MR90, MR0 decreases gradually with increasing H0 and reveals a small variation of ~3% between 0 and 4 T (Figure 1e The MR90 behavior that is strongly relevant to the saturation of M90 by aligning the μnet's implies that the magnetotransport would be caused by magnetic-field-dependent isospin structure rather than by electronic band dispersion. To validate the assertion, we have calculated the electronic band structures (see Section S2, Supporting Information) corresponding to the high-and lowresistance states. It appears that the band structure representing the single weakly ferromagnetic state shows that the band gap is 0.0074 eV smaller than that in one of the four types of magnetic domain. Therefore, the result justifies that the MR90 behavior would not be explained by the conventional electronic band model. The intimate correlation between MR90 and M90 was examined by performing first-principles calculations of the isospin structure for magnetic domains of different directions of μnet in Sr2IrO4 (see Section S3 for detail, Supporting Information). As the electronic-band structure of Sr2IrO4 (Figure 2a ) is close to a four-fold 6 rotational symmetry with respect to the [001] axis, the in-plane rotation of μnet by 90° or 180°
does not change the band dispersion significantly (see Section S2, Supporting Information).
However, we find that the isospin directions near points X-S, which connect the conduction band minimum (CBM) at X with the valence band maximum (VBM) at S (Figure 2a In Figure 2f and 2g, the isospins of VB states, which have directions opposite to those of CB states (see Section S3 for detail, Supporting Information), are illustrated as arrows onto the Ir Figure 1a ) at different temperatures. A small AMR effect, which is comparable to the typical AMR described by a sin 2 θ dependence [26] , emerges at 210 K. Upon cooling further, the negative AMR effect increases with decreasing temperature. A slight deviation of from the [001] axis quickly reduces the AMR and further rotation leads to little variation with the maximum value achieved at = 90°. Note that the strong temperature dependence of the AMR was examined by devising a microscopic theory for the electron transport (see Section S4 for detail, Supporting Information). The feature of the unconventional angular dependence of AMR is plotted evidently in polar angular dependence measured at 30 K (Figure 3b ) with the maximum magnitude of AMR as ~33%, which is differentiated from the conventional sinusoidal variation of the AMR obtained by rotating a magnetic field in the ab plane in the previous works (see Section S5 for detail, Supporting Information) [19, 27, 28] . Figure In our studies, we achieved the antiferromagnet-based spintronic functionality in an insulating oxide material of canted AFM Sr2IrO4. The unique insulating state in Sr2IrO4 described by the spin-orbit-entangled Jeff = 1/2 state enables us to use a different experimental approach. The insulating gap was modified by the oxygen deficiency inherent from the growth conditions promoting charge transport, which may be essential for incorporating semiconducting and spintronic performance. Different from conventional electronic transport, each charge carrier in Sr2IrO4 contains the well-defined isospin whose direction is controlled by the net magnetic moment. Consequently, the isospin mismatch across the domain boundaries acts as an essential mechanism for the angle-sensitive large negative AMR effect of ~33%. In consideration of recent advances that investigate novel quantum states and relevant functional properties in strongly spin-orbit-coupled materials, the antiferromagnet-based isospintronics in Sr2IrO4 is closely relevant to ongoing efforts to achieve improved AFM devices. Electronic structure calculations: The electronic structure of Sr2IrO4 was calculated using noncollinear spin-dependent density functional theory (DFT) with the LDA to the exchangecorrelation energy and ab-initio norm-conserving pseudopotentials by using SIESTA code [29] .
Experimental Section

Growth of Sr2IrO4 single crystals:
The on-site Coulomb interactions between Ir d-orbitals were considered using the rotationally invariant form of the DFT+U method, with Coulomb parameter U = 2.54 eV and Hund's parameter J = 0.60 eV which were obtained from the constrained LDA method [30] . The spinorbit interaction was evaluated using fully relativistic pseudopotentials. The electron density was obtained by integrating the wave functions with a 8 × 8 × 8 k-grid in the full Brillouin zone.
Real-space grids were generated with a cutoff energy of 1500 Ry to represent the electron density distribution. A unit cell containing 56 ions including eight Ir Received: ((will be filled in by the editorial staff)) Revised: ((will be filled in by the editorial staff)) Published online: ((will be filled in by the editorial staff)) [1] T. Jungwirth, X. Marti, P. Wadley, J. Wunderlich, Nat. Nanotech. 2016, 11, 231. Sr2IrO4 crystallizes in a centrosymmetric tetragonal structure with four-fold rotational symmetry (C4) about the [001] axis [1, 2] . The crystallographic structure is shown in Figure S1 and it was confirmed by a powder X-ray diffractometer (Ultima IV, Rigaku, Tokyo, Japan)
Supporting Information
using Cu-Kα radiation at room temperature. The detailed characterization of the structure was
performed by Rietveld refinement using the FullProf software. The lattice constants were found to be a = 5.490 Å and c = 25.785 Å. Below TN, the spin-orbit entangled Jeff=1/2 isospins display a canted AFM order in the ab plane, where the canting of spins arises from the staggered rotation of IrO6 octahedra. In addition, the rotational symmetry of the system is reduced from C4 to C2, producing an orthorhombic magnetic structure. Therefore, four different magnetic domains are formed under zero magnetic field, as shown in Figure S2 
S2. Band structures associated with canted AFM domains
To check the influence of the band structures on our large MR effect, we have produced the electronic band structures ( Figure S3 ) associated with the four types of canted AFM domains formed in zero magnetic field and single weakly ferromagnetic state formed in an in-plane magnetic field above the critical strength, illustrated in Figure S2 . The band structure in Figure   S3a corresponds to either of two 180°-oriented canted AFM domains shown in Figure S2a [3, 4] . Then one obtains eff so that the spin-orbit coupling (SOC)
can be expressed with the Hamiltonian
where is the electron spin and eff is the effective total angular momentum defined as eff eff . Thus, in the strong SOC limit, the t2g bands are split into four Jeff=3/2 bands and two Jeff=1/2 bands. In Sr2IrO4, the Jeff=3/2 bands are mostly below the Fermi energy and the Jeff=1/2 bands are right at the Fermi energy.
As shown in Figure S4a which was obtained using the local density approximation (LDA) with SOC, the two Jeff=1/2 bands are metallic without an energy gap unless Ir 
S4. Transport properties modelled by microscopic theory
To examine the strong temperature dependence of the AMR, we devise a microscopic theory for the electron transport. First, as described above, electrons in our sample experience scattering due to isospin mismatch as they move across the magnetic domain boundaries.
Because the typical size of the magnetic domain depends very weakly on temperature below . Figure S6b also shows the maximum AMR value at each temperature, i.e., AMR % ° ° ° 100.
Below TN ≈ 220 K, AMRMax depends linearly on the temperature and exhibits the largest magnitude of ~33% at 30 K. The emergence of the AMR effect coincides with the onset of the canted AFM order, supporting the strong interconnection between the AMR and isospin order.
As the defect level is closer in energy to the CBM than to the VBM, is greater than at low temperatures ( Figure S5c ). From these results and the measured , 0 , we estimate in the interior of each domain, which is observed to increase with temperature ( Figure S6d ). A polynomial fit shows that 0 , where 0 = 5.2×10 . The temperature-independent term is typically from defect 25 scattering, while the term suggests scattering by acoustic phonons with small momenta as in metals [5] . The AMR in phenomenology involves two different components: a noncrystalline component resulting from the orientation of magnetization relative to a specific current direction, and a crystalline component arising entirely from crystal symmetry [6, 7] . In pursuance of the AMR effect driven by magnetocrystalline anisotropy, the measurements of the crystalline AMR component for single-crystalline bulk and thin film Sr2IrO4 samples were previously reported [8, 9] . The AMR was measured with rotation of Hφ in the ab plane perpendicular to current along the [001] axis, where φ is the angle deviating from the [100] axis in the ab plane (inset of Figure   S6a ). In a 6-nm-thick Sr2IrO4 thin film, the rotation of IrO6 octahedra disappeared with lowering the Nèel temperature down to ~100 K [9] . Thus, Sr2IrO4/La2/3Sr1/3MnO3/SrTiO3 thin film structure was prepared and the AMR effect with four-fold rotational symmetry was observed within 1% variation of resistivity by rotating the AFM moment in Sr2IrO4, dragged by the ferromagnetic moment in La2/3Sr1/3MnO3 via the exchange spring effect [9] . The small and sinusoidal variation of the AMR effect in thin films was ascribed to anisotropic electronic structure depending on the spin axis. The calculation of electronic structure depending on the spin axis resulted in a band gap difference between the [100] and [110] axes of 0.03 eV [9] .
However, as explained in S2, the estimated band gap difference of 0.0074 eV relevant to our main observation of the AMR effect strongly suggests that the highly anisotropic nature of our MR data cannot be explained by the anisotropic electronic structure model. The AMR measurement using point-contact geometry for the bulk specimen revealed the crossover from four-fold to two-fold rotational symmetry upon increasing magnetic fields [8] . The mechanism for the effect was speculated as magneto-elastic alteration of bond angles in the IrO6 octahedra [8] .
In Figure S6a , the resistivity in our bulk Sr2IrO4, measured in zero magnetic field with current Figure S6c . Different from the point-contact measurement in the previous work 18 , we only observe the four-fold rotational symmetry because all the spin easy axes are equivalent at the macroscopic scale because of the orthorhombic twinning.
To examine the contribution of noncrystalline component to the AMR in our bulk Sr2IrO4, the AMR was measured by rotating Hφ = 1 T in the ab plane with current along the [110] axis at 60 K. A conventional AMR effect in polycrystalline 3d ferromagnetic metals is attributed predominantly to the noncrystalline AMR component with cos 2φ dependence [6] . However, Figure S7 shows that the AMR is proportional to the highly harmonic component of cos 4φ in which the four-fold rotational symmetry is maintained although the orientation of Hφ was relative to the current direction during the measurement. The result suggests that the contribution of noncrystalline component to the AMR is much weaker than that of crystalline component in Sr2IrO4.
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